The reforming behaviors of hexane and isooctane were studied using microwave steam plasma under atmospheric pressure without additional plasma supporting gas. The experimental results showed that the reforming process for both hydrocarbons was rapid and that the product gas consisted predominantly of hydrogen and carbon monoxide. The reforming process was less dominant for higher hydrocarbons due to the supplementary energy required as indicated by the equilibrium calculation. The features of the proposed microwave steam plasma reforming system were presented with many advantages.
Introduction
Fuel cell systems are attracting considerable attention in the fields of transportation and power supply because they produce electricity at a high efficiency with little release of toxic substances to the environment. Since H2 is used as a fuel for most fuel cell systems, it is important to develop efficient methods to produce H2. There are two ways to supply H2 to the fuel cell: from storage as a gas or hydride, or to reform hydrocarbons with steam when needed. The latter approach does not require equipment to store H2 and there are several methods to generate H2 with reforming processes. For example, steam reforming requires an additional heat source for the hydrocarbon to react with steam, partial oxidation systems burn part of the hydrocarbon fuel and use the combustion heat to react the hydrocarbon with steam, and auto-thermal reforming systems combine these methods. These methods require catalysts and their activities are sometimes affected by carbon deposition.
Another interesting method for the reforming of hydrocarbons is to use equilibrium (thermal) and nonequilibrium (non-thermal) plasmas 1) 6) . In particular, gliding arc plasmas (GlidArc) are classified as nonthermal plasmas and have been extensively studied for hydrocarbon reforming, in which various hydrocarbon sources were reformed to generate synthesis gas with air or steam 7) 11) . Generally, both equilibrium and non-equilibrium plasmas contain reactive radicals, ions and electrons. The high reactivity of these species enhances reaction rates and eliminates the need for the catalysts required in the conventional methods. This advantage as well as the high energy density of the plasma allows the plasma reformer to be compact. The plasmas can be easily obtained by various electrical discharge techniques. The discharge method affects the plasma properties such as equilibrium and non-equilibrium plasma. Microwave discharge is one method to obtain non-equilibrium plasma even at atmospheric pressure, at which the electron temperature is around 4000-6000 K and the heavy particle temperature is around 2000 K 12) . Compared with equilibrium plasma, non-equilibrium plasma has an advantage for the hydrocarbon reforming system because it prevents excess heating of the contained gases. Since there are no electrodes, there is no plasma contamination and the discharge tube can use a simple design 13) . Microwave plasma has different characteristics from other nonequilibrium plasmas generated by dielectric barrier discharge and similar discharges.
In the presence of steam as a plasma supporting gas, radicals such as H, OH, and O induce both reductive and oxidative conditions, and the plasma can be used efficiently for the treatment of several materials. Our previous study of the reforming of hydrocarbons by atmospheric steam plasma with microwave discharge but without plasma supporting gas confirmed the formation of O, OH, and H radicals, and successfully reformed hexane 1),2) . The treatment of plastics has been also investigated with this plasma 14) . The expected advantages and disadvantages of microwave steam plasma reforming are listed in Table  1 . Miniaturization and simplification of the reaction equipment is possible since the plasma has a high energy density. The simple system without catalysts implies high stability and durability as well as ease of maintenance. Controllability improvements such as fast response and start-up are expected since the plasma is operated with electricity. The system does not require catalysts and has a high energy density, so can be adapted to various hydrocarbons including natural gas, gasoline, heavy oils and biofuels. High productivity per unit mole of source and high concentration of H2 in reformed gas are expected because reforming uses a low steam to carbon ratio in the feed. These advantages emphasize the benefits of pure steam plasma without supporting gas. However, the use of electrical power seems to be a disadvantage from the viewpoint of energy efficiency.
Previous studies related to hexane reforming have confirmed the expected features except for use of various hydrocarbons. In this research, we have further studied hydrocarbon reforming with microwave steam plasma by focusing especially on different hydrocarbon sources: hexane and isooctane. Figure 1 shows a schematic illustration of the steam plasma reforming system. The system was almost the same as that used in the previous studies 1),2) . The system consisted of a microwave generator, a plasma torch and a supply unit for reforming materials. The main reaction took place in a quartz tube. Hydrocarbon and water were vaporized in separate heat exchangers and introduced to the discharge zone of the torch. Microwave was irradiated from the outside of the quartz tube to generate the plasma. Argon gas was employed for ignition only. The microwave generator (Tokyo Electronic Ind. Co., Ltd., Japan) consisted of a power supply, a microwave oscillator, a power monitor, a tuner and a waveguide, and provided a maximum power of 2.8 kW at a frequency of 2.45 GHz. The power monitor and the tuner were set in the middle of the waveguide to monitor the input and the reflecting power, respectively, and to minimize reflecting power. Cooling air was supplied inside the waveguide to prevent thermal damage.
Experimental
The quartz tube was 500 mm in length, with 12 mm outer and 10 mm inner diameter. The torch was made of brass and was set at the upper end of the quartz tube, where the tangential gas supply nozzle was located to generate a spiral stream in the tube. The spiral stream lowers the pressure in the center of the quartz tube to enhance the generation and stabilization of the plasma 15) . The quartz tube was set in the middle of the hole (16 mm diameter) of the waveguide. The volumetric flow rate of the product gas was measured with a wet type gas meter (WNK-2000-7, Shinagawa Co., Ltd., Japan). The gas was partly introduced into a CO and CO2 analyzer (CGT-7000, Shimadzu Corp., Japan). A gas chromatograph (GC-8A, Shimadzu Corp., Japan) equipped with the molecular sieve 13X was also used to analyze the reformed gas. The experimental procedure was as follows. Argon gas was first introduced to generate the plasma since the steam plasma was not generated directly. Then argon was gradually replaced with steam to produce pure steam plasma. The steam plasma appeared as a pink light line in the center of the reaction tube. When the steam plasma was stabilized, gaseous hydrocarbon was introduced for reforming, and the color of the plasma became green. The reformed gas was analyzed when the plasma was stabilized again.
The experimental conditions are summarized in Table 2 . Hexane and isooctane were used as model hydrocarbons. The flow rates of hydrocarbon and steam were adjusted to set the oxygen to carbon ratio (= steam to carbon ratio) to unity in all experiments.
Results and Discussion

1. Thermal Equilibrium Evaluation
To roughly estimate the reforming behavior, the thermal equilibrium was calculated using a chemical process simulator (AspenTech Japan Co., Ltd., Hysys Plant). Figure 2 shows the system diagram of the simulator. The plasma reactor was regarded as an equilibrium reactor and reactions were assumed to proceed according to the thermal equilibrium at the reactor temperature. The following species were considered in this calculation: hexane, isooctane, H2O, CH4, C2H6, C2H4, C2H2, C3H8, O2, CO, CO2.
Microwave energy was input to the reactor to provide heat to the reaction and increase reactor temperature. The hydrocarbons and the water were evaporated in separate heat exchangers (E-100 and E-101) using the sensible heat of the reformed gas coming out of the reactor. The product gas was cooled down to the room temperature through a cooler (E-102). No reactions occurred in the heat exchangers or cooler. The steam and hydrocarbons were introduced at 170 and 130°C, respectively, as in the experimental condition. The hydrocarbon flow rate was 1.5 mmol/s and the steam flow rate was adjusted to set the ratio of oxygen to carbon to unity. Although the reactor was modeled to separate liquid and solid products from the bottom, neither liquid nor solid were produced in the simulation.
The effects of input power on product gas composition are shown in Figs. 3 and 4 for the reforming of hexane and isooctane, respectively. Hydrogen and CO were predominantly produced in increasing quantities as microwave power increased. This indicates that the reactions can be summarized as follows: -For hexane reforming: Products are calculated from the thermal equilibrium at the reactor temperature.
Fig. 2 Simulation Diagram for Plasma Reforming
Flow rates of hexane and steam were 1.5 mmol/s and 9.0 mmol/s, respectively (ratio of C/O was unity).
Fig. 3 Composition of Product Gases at Thermal Equilibrium in Hexane Reforming
-For isooctane reforming:
2) The formation of CO2 and CH4 were observed in the lower power range. For hexane reforming, the amounts of H2 and CO became constant above around 2000 W because the supplied energy was adequate to allow complete reforming. For isooctane, similar behavior was observed at around 2800 W, since reforming requires more energy than estimated by the reactions above. This result can be confirmed in Fig.  5(a) where the temperature of the plasma reformer increased steeply around 2000 and 2800 W for hexane and isooctane reforming, respectively.
To evaluate the system performance, the energy conversion efficiency based on higher heating values (HHV) was defined by (3) where Fi is the flow rate of species i, Hj is the combustion heat of j and W is the input microwave power. As shown in Fig. 5(b) , maximum efficiency was attained at about 2000 W for hexane reforming and 2800 W for isooctane reforming. If the energy input exceeded these values, excess energy was not consumed as reaction heat, resulting in a decrease of efficiency. The efficiency could be improved if CO in the product gas and additional H2O were converted into H2 and CO2 by the shift reaction. Increasing the temperatures of the feeds will also enhance efficiency. Figure 6 shows the composition of the reformed gas from the reactor with changes in the hexane flow rate. H2 and CO were predominantly produced and the production rate was almost independent of the flow rate. In contrast, increases in H2 and CO were estimated in the equilibrium evaluation. More than 95% of the reformed gas consisted of H2 and CO, suggesting that the reaction described by Eq. (1) occurred in the plasma reactor. The conversion of hexane and the conversion of steam are shown in Fig. 7 . Conversion of both reac- Flow rates of isooctane and steam were 1.5 mmol/s and 12.0 mmol/s, respectively (ratio of C/O was unity). tants decreased with increase in hexane flow rate due to the excess energy required for reforming. The conversion was not complete because the heat release from the reaction tube was not negligible, and a high temperature gradient was present in the reaction zone due to the cooling gas in the waveguide. Insufficient energy supply resulted in incomplete reforming compared to the equilibrium conditions. The conversion of hexane was almost the same to that of steam, indicating that the reforming reaction can be described by Eq. (1). Figure 8 shows the results for isooctane reforming.
2. Experimental Reformation of Hexane
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Experimental Reformation of Isooctane
Similarly to hexane reforming, H2 and CO were predominantly produced. The mass balance of the experimental data indicated that a little amount of carbon was formed in the high flow rate regime, and a deposit was clearly observed on the reactor wall. In comparison with hexane reforming, the differences between the experiment and equilibrium were greater, which suggests that less isooctane reforming occurred. The conversion factors in isooctane reforming are shown in Fig. 9 . Similarly to Fig. 7 , the conversion of both isooctane and steam decreased with the flow rate of isooctane. However, conversion was lower than in hexane reforming. As mentioned before, this difference is ascribed to the additional energy required for isooctane reforming. The small differences between the conversion of isooctane and the conversion of steam can be explained by the formation of carbon.
4. Features of Plasma Reforming
Steam plasma reforming of both hexane and isooctane were achieved without catalysts, suggesting that the proposed method is applicable to reforming of various hydrocarbons from light to heavy molecules. However, more energy is required for higher hydrocarbon reforming. The partial pressure of H2 in the product gas was also higher than that obtained by other methods 16) 19) . The other main species in the product gas was CO, which can convert H2O into H2 by the shift reaction, CO + H2O H2 + CO2 (4) This results in an increase in the H2 yield, which is favorable for the fuel production for fuel cell systems. Considering the results obtained here as well as in previous studies 1) ,2) , we expect this microwave steam plasma reforming system to have all the advantages Table 1 .
Energy conversion efficiency still remains a problem in plasma reforming. Figure 10(a) shows the energy conversion efficiency estimated from the experimental results and thermal equilibrium conditions. Energy conversion efficiency was higher for hexane reforming than for isooctane reforming. Lower hydrocarbon flow rates result in higher conversions and values closer to the equilibrium, as clearly shown in Fig. 10(b) . However, both efficiencies were still lower than that of the other method 17) 19) . Enhancement of reaction conversion is the key point for the improvement of energy efficiency. One possible solution is to modify the reaction zone to prevent heat dispersion.
Conclusion
The reforming of hexane and isooctane was investigated using atmospheric microwave steam plasma. Both hydrocarbons were successfully reformed, but the higher molecular hydrocarbon was less reformed than the lower molecular hydrocarbon. The features of the proposed reforming method were compared with experimental and simulation results, confirming the many advantages of the plasma reforming system despite the lower energy efficiency. 
